Coronary haemodynamics and myocardial metabolism of nonesterified fatty acids (NEFA) and lactate were studied in 11 patients with severe sepsis, and compared to 10 control subjects. Coronary sinus blood flow was evaluated by thermodilution. Arterial and coronary sinus blood samples were collected for tbe measurement of lactate and total and individual NEFA concentrations both in septic and control patients. There was an increase in lactate and total NEFA arterial concentrations with a marked increase in palmitic and linolenic acids. The uptake of the main NEFA (C14:0 to C18:2) was significantly decreased. In the control group, individual NEFA uptake was proportional to their arterial concentrations. This relationship was not observed in patients with sepsis: there was no preferential extraction of any particular NEFA. Furthermore, in patients with sepsis, myocardial oxygen consumption did not correlate with NEFA, but only with lactate uptake. Alterations in NEFA uptake were found to be constant during severe sepsis and are consistent with major disturbances in myocardial metabolism.
Sepsis continues to be one of the principal causes of death in intensive care units. Myocardial failure is often a result of septic shock, but the mechanism of this dysfunction remains obscure. 1. 2 Previous results have shown the presence of a circulating myocardial depressant substance inducing myocardial failure in vitro, but its role in vivo remains controversial.v 4 Nevertheless, increasing attention has been directed to the changes in myocardial substrate utilisation occurring during sepsis which might induce cardiac depression.S In the human heart, non-esterified fatty acids (NEFA) are the main source of energy under aerobic conditions. 6 , 7 Sixty per cent, and more, of the energy used by myocardial cells is supplied by NEFA oxidation and nearly 30% is derived from lactate.f The individual fatty acids are extracted in different amounts by the myocardium: there is a strong correlation between NEFA uptake and arterial NEFA concentrations both in heart and skeletal mascle.?: 10 In sepsis, NEFA levels have Correspondence: Pr. D Raichvarg, Laboratoire de Biochimie A, Hopital Cochin, 27 rue du Faubourg Saint-Jacques, 75014 Paris, France.
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variously been reported to be depressed, in the normal range, or elevated.'! Previous studies have shown that there is a marked decrease in myocardial NEFA uptake during septic shock. 12 Furthermore, a shift to lactate has been reported in endotoxin shock. 2 As myocardial dysfunctions can occur early during septic shock, it was considered of interest to investigate NEFA and lactate uptake by the myocardium in patients with severe sepsis. Furthermore, this study was focused on NEF A myocardial metabolism in order to determine whether there was a global decrease or a preferential extraction of one particular fatty acid in such patients with sepsis.
Materials and methods

PATIENTS
The studies involved 11 patients (eight men, three women; mean age 52 years, ranging from 23 to 75) hospitalised in the intensive care unit, Hopital Cochin, Paris. Clinical data are given in Table 1 . Sepsis was assessed on the basis of positive blood cultures or the presence of a clear primary septic site as confirmed by culture of that-site. Patients with a history of cardiac or coronary heart disease were excluded from this study. To minimise individual haemodynamic variations due to differences in circulating blood volume. each patient received an infusion of plasma protein to maintain the mean arterial pressure above 60 mm Hg. The volume administered was considered optimal when pulmonary wedge pressure was higher than 12 mm Hg. For 4 h. prior to the study. all patients received only 5 g glucose/h. Neither amino-acids nor lipids were infused. Treatment included antibiotics. mechanical ventilation and surgery as required. Experimental work was only carried out when arterial pH and pQ2 were normal.
Haemodynamic and metabolic studies were also carried out on 10 sepsis-free control subjects (mean age 37 years, ranging from 31 to 47). Samples were collected during routine cardiac catheterisation for monovalvular dysfunction without alteration in ventricular function. This protocol was approved by the Human Research Committee of our Institution.
HAEMODYNAMIC MEASUREMENTS
Coronary sinus blood flow (CSBF) was measured in triplicate by a previously-described continuous infusion thermodilution technique at a constant infusion rate of 60 mL of 0·15 M NaCI per min for 30 sec, using a 7F twothermistor catheter (Wilton Webster Laboratories, Altadena, California, USA).13 This catheter was inserted through the femoral vein and advanced to the coronary sinus. The position of the sensing thermistor was confirmed fluoroscopically by small injections of contrast medium. Positive end-expiratory pressure (PEEP) was stopped during haemodynamic measurements, because significant reflux of right atrial blood occurs into the coronary sinus during pulmonary hypertension and increases intrathoracic pressure. Just before the measurement of CSBF, the absence of change in coronary sinus blood temperature was verified by the injection of a bolus of cold saline into the right atrium. The validit~of this technique has been demonstrated. 13. 4 According to Marcus, the critical point of this technique is the position of the catheter which must be 'secured' into the coronary sinus." This was ensured in our study by using contrast medium and fluoroscopic detection. Another critical point may be the reflux of right atrial blood into the coronary sinus during periods of high right atrial pressure;" Consequently, patients with high levels of PEEP were excluded from the study and no patients presented a right atrial pressure higher than 5 mm Hg.
BIOCHEMICAL STUDIES
Arterial and coronary sinus samples were collected into 10 mL syringes coated with EDTA. After centrifugation, plasma was immediately assayed or stored at -200C.
Lactate (mmollL) and total NEFA (umol/L) were determined using enzymic methods with commercially-available kits (Lactate UV, Boeringher-Mannheim; NEFA-Test Wako, Biolyon, France). Individual NEFA concentrations were determined with a gas-liquid chromatographic method as previously described. 17 Myocardial substrate uptake, expressed in umol/min, was calculated as the difference in arterial and coronary sinus'substrate concentrations multiplied by CSBF in mUmin, i.e. C(a-cs)xCSBF. Similarly, myocardial oxygen consumption (MV0 2) was calculated as C(a-cs)02xCBSFXl00 and expressed in mU min. Arterial, pulmonary artery and coronary sinus samples were drawn for the measurement of haemoglobin, partial pressures. pH and oxygen content (LeX-02 Con Apparatus. Lexington Instruments).
STATISTICAL ANALYSIS
Haemodynamic and biochemical data were analysed using Student's r-test. Linear regressions were made using least square analysis. All values were expressed as the mean ±ISD; p values <0·05 were considered significant.
Results
The clinical characteristics of the 11 patients are presented in Table 1 . The sources of infection were the skin and soft tissue (two cases), abdomen (six cases), urino-genital tract (one case) and other sites (two cases). Blood cultures were positive in five patients.
Localised sites of infection were found in five patients. The catheter cultures were positive in one case. Seven patients later developed a septic shock during this septic episode. The bacteria identified were gram-negative in six patients and gram-positive in four· patients. Cultures were negative in one case: this was attributed to concomitant broad spectrum antibiotic treatment.
With regard to haemodynamic results, CSBF was increased in the septic population (165±31 mUmin) compared to the control population (144±14 mUmin, p<O·Ol). 
Streptococcus pneumoniae
Figures 1 and 2 depict NEFA and lactate concentrations in arterial and coronary sinus blood of patients during the septic episode. These data were compared with the concentrations found in the blood of control patients. There was a significant increase in lactate and NEFA levels in both venous and arterial samples from septic patients (p<O·Ol). The C(a-cs) difference for each substrate shown a 1400 decrease for NEFA (p<O'Ol) and an increase for lactate (p<O·05). compared with the controls.
In the control group. substrate uptake results were 33±6 umol/min and 19±7 umol/min for NEFA and lactate. respectively. In septic patients. an enhanced lactate uptake (l04±1l2 umol/min) was combined with a decrease in NEFA uptake by the myocardium (6·1±8·9 f.l.moVmin). However, myocardial lactate production. suggesting myocardial ischemia. was found in two patients. The mean concentrations of each NEFA in arterial and coronary sinus blood are listed in Table 2 . Contrasting with a consistently positive arterio-coronary sinus difference for each NEFA in the control population. the corresponding differences were lowered in the septic patients. The individual NEFA were also extracted in different amounts by the myocardium. The most highly extracted NEFA were confirmed to be oleic (C 18:1) and palmitic (C 16:0) acid which accounted for more than 60% of the total NEFA in both populations, in both venous and arterial samples.
In the patients with sepsis, there was a marked increase in arterial concentrations of palmitic (CI6:0) and linoleic (C18:2) acid while all individual arterio-venous differences were significantly diminished compared to the controls (P<O·OI):
Myocardial uptake of individual NEFA in patients with sepsis and controls are shown in Fig. 3 . A close linear correlation was found between NEFA uptake (y) and the arterial NEFA uptake was proportional only to the arterial concentration with no influence of either chainlength or saturation. This correlation was not observed in patients with severe sepsis in spite of a global increase in arterial NEFA concentrations. Myocardial oxygen consumption (MV02) was not significantly reduced in the population with sepsis (Patients=16·1±4·6 mUmin; Con-trols=15·5±1·5 mUmin). Furthermore, in the population with sepsis MV0 2 did not correlate with NEFA, but with the arteriocoronary sinus lactate difference (y=O' 64x+  16·04, r=O·66,p<0·05 ). It should be noted that a myocardial NEFA uptake near zero or negative was found in two patients. These subjects both presented a positive lactate uptake.
Discussion
The major result of this study was the profound alteration found in myocardial NEFA extraction during severe sepsis. This alteration involved all the NEFA from C14:0 to CI8:2. There was no selective utilisation of one particular NEFA by the septic myocardium. Myocardial lactate utilisation increased whereas NEFA uptake was depressed.
Our results confirm a markedly elevated uptake of lactate and a shift in substrate utilisation favouring lactate. 2 However, the lack of correlation between myocardial lactate extraction and arterial lactate levels suggest that this shift is not related to lactate enhancement during sepsis.
The significant increase in NEFA levels found here could be due to a stress-related stimulation of adipose tissue lipolysis by catecholamines and glucagon. A distinct increase in C18:2 and C16:0 levels was the main change found in the septic NEFA pattern. This result could be related to a specific lipolysisof adipose tissue triglycerides rich in these two fatty acids or a storage of oleic-or palmitic-rich triglycerides prior to the septic episode. However. these hypotheses seem improbable since it is clear that, during sepsis, there is no alteration of either fatty acid storage of triglyceride lipase activity. 18 Another explanation is the possible hydrolysis of circulating lipids. Vadas et al. 19 , 20 described during septic shock a massive release of phospholipase. A2 (PLA2) in response to bacteraemia or to the presence of bacterial products in blood. As phospholipids, particularly lecithins, are rich in these two fatty acids, their selective hydrolysiscould lead to increased concentrations. Nevertheless, in our patients with sepsis, there was no increase in other unsaturatedforms such as arachidonic acid (C20:4), which are found preferentially in the acyl 2 position in phospholipids." Therefore, these preliminary results need to be confirmed by studying plasma phospholipids, lysophospholipids and PLA2 activity during severe sepsis. It is of interest to note that unsaturated NEFA concentrations of approximately 0·5 mmoVL can inhibit 30% of PLA2 activity.20 In this hypothesis, the unsaturated NEFA concentrations found in this study were not sufficient to inhibit totally circulating PLA2 activity.
Although the exact mechanisms of NEFA transport in the heart have not been completely elucidated, it is well established that there is a close relationship between cardiac effort and NEFA removal by heart cells. 22 , 23 The close positive correlation found between the increase in myocardial NEFA uptake and MV02 described in normal physiological conditions was not found here in patients with sepsis." In normal subjects, NEFA uptake by the myocardium is proportional to arterial NEFA concentrations from 0 to 600 umol/L.
The increase in total arterial NEFA has been shown to be associated with enhanced NEFA uptake, but beyond 1200 J.l.IDoVL there is no longer a relationship between arterial concentrations and NEFA uptake. 25 • 9 This uptake depends on the fatty acid/albumin molar ratio in the plasma. 26 In our patients with sepsis, plasma proteins were maintained constant by infusion. Thus, the decrease in NEFA uptake cannot be attributed to a decrease in albumin concentrations, which generally occurs during sepsis. 27 In the present study, the contribution of NEFA to myocardial energy production was greatly diminished. This defect has previously been described during septic episodes. Moreover, the shift from NEFA to lactate utilisation observed here is quite similar to that reported in dogs subjected to endotoxin treatment and during in vitro experiments using beating myocytes submitted to Escherichia coli lipopolysaccharides and seems to be a direct response of the heart to severe sepsiS. 12. 2 Lactate production, suggestive of myocardial ischaemia, was found in only two patients. This result is in good agreement with recent studies in our laboratory which demonstrate the low incidence of this phenomenon during~tic shock, first described by Cunnion et al. ' 29 This lactate release, due to myocardial anaerobic glycolysis, may play a role in cardiac depression observed in septic shock, although myocardial anoxia or hypoxia during septic shock remain controversial.3C) A negative NEFA arterio-coronary sinus difference was found in two patients with sepsis. This result may, however, be an artefact since arterial and venous values were actually very similar. Nevertheless, NEFA production by heart homogenates exposed to catecholamines has previously been described." Our results, require investigation in a larger series of patients with sepsis. At this time, one can only speculate about the physiological significance of these alterations in myocardial substrate extraction. Recent studies by our laboratory have demonstrated a discrepancy between measured MV0 2 and that calculated from available exogenous substrates in patients with septic shock. 28 Alterations in lipid metabolism similar to those found here, e.g. increased NEFA concentrations, together with an accumulation of lipid droplets and activation of PLA2 have been found both in myocytes treated with septic plasma and myocardium submitted to ischaemic stress. [32] [33] [34] Our results confirm that there are major alterations in the septic myocardium characterised by a decrease in NEFA utilisation. As lactate cannot provide enough ATP for myocardial metabolism, as an alternative to NEFA, our results might suggest a myocardial utilisation of an endogenous substrate reserve during severe sepsis.
However, further studies are needed to elucidate the metabolic disturbances in patients with severe sepsis which could lead to the myocardial dysfunction observed in patients with septic shock.
